The influence of local thermal nonequilibrium (LTNE) with Cattaneo effects in the solid on the onset of thermal convective instability in a horizontal layer of Darcy porous medium saturated by a ferrofluid in the presence of a uniform vertical magnetic field is investigated. The presence of Cattaneo effect is to instil instability via oscillatory motion as well which is not reminiscent of the observed instability phenomenon in its absence. Increase in the value of solid thermal relaxation time parameter  is found to advance the onset of oscillatory ferroconvection. The onset of stationary ferroconvection is delayed, while the onset of oscillatory convection is hastened with an increase in the value of inter-phase heat transfer coefficient t H . The threshold value of t H , at which the transition from stationary to oscillatory convection takes place, decreases with increasing noticeably and marginally with increasing magnetic parameter 3 M , while it increases with increasing ratio of conductivities  and magnetic number 1
Introduction
Ferrofluids are stable colloidal suspensions of magnetic nanoparticles in a nonmagnetic carrier fluid. The use of ferrofluids as a heat transfer medium stem from a possibility of controlling its flow and heat transfer process via an external magnetic field. Besides, magnetic forces are used to create circulation of coolant in small passages where natural convection is either absent or ineffective. Both theoretical and experimental developments of the subject are well documented in the literature (Rosensweig [1] , Berkovsky et al. [2] , Blums et al. [3] , Hergt et al. [4] , Alexiou et al. [5] ). The magnetization of ferrofluids depends on the magnetic field, temperature and density. Hence, any variations of these quantities induce change of body force distribution in the fluid and eventually give rise to convection in ferrofluids in the presence of a gradient of magnetic field known as ferroconvection. Considering the prospect of heat transfer applications in electronics, micro and nanoelectromechanical systems and magnetically controlled heat transfer in energy conversion systems, ferroconvection in magnetized ferrofluids has triggered lot of research interest over the years (Odenbach, [6] , Ganguly et al. [7] , Kaloni and Lou [8] ). Recently, Nkurikiyimfura et al. [9] reviewed the recent developments in this field. In particular, they have emphasized on thermal conductivity enhancement and thermomagnetic convection in devices using ferrofluids as heat transfer media.
Ferroconvection in a porous medium has also attracted considerable attention in the literature owing to its importance in controlled emplacement of liquids or treatment of chemicals, and emplacement of geophysically imageable liquids into particular zones for subsequent imaging etc. Besides, the subject of flow of ferrofluids through porous media is motivated by the potential use of ferrofluids to stabilize fingering in oil recovery processes. Rosensweig et al. [10] studied experimentally the penetration of ferrofluids in the Hele-Shaw cell. The stability of the magnetic fluid penetration through a porous medium in high uniform magnetic field oblique to the interface is considered by Zahn and Rosensweig [11] . The onset of ferroconvection in a porous medium in the presence of a vertical magnetic field is discussed by Vaidyanathan et al. [12] by employing the Brinkman equation while Qin and Chadam [13] carried out the nonlinear stability analysis of ferroconvection in a porous layer by including the inertial effects to accommodate high velocity. The laboratory-scale experimental results of the behaviour of ferrofluids in porous media consisting of sands and sediments have been presented by Borglin et al. [14] . Sunil and Amit Mahajan [15] used generalized energy method to study nonlinear 3 convection in a magnetized ferrofluid saturated porous layer heated uniformly from below for the stress-free boundaries case. Shivakumara et al. ([16] , [17] ) investigated theoretically the onset of convection in a layer of ferrofluid saturated porous medium for various types of velocity and temperature boundary conditions. The onset of buoyancy-driven convection in a ferrofluid saturated sparsely packed porous medium with fixed heat flux condition at the lower rigid boundary and a general thermal boundary condition at the upper free boundary has been studied by Nanjundappa et al. [18] .
In many practical applications involving hyper-porous materials and also media in which there is a large temperature difference between the fluid and solid phases, it has been realized that the assumption of local thermal equilibrium (LTE) is inadequate for proper understanding of the heat transfer problems. In such circumstances, the local thermal non-equilibrium (LTNE) effects are to be taken into consideration. Virto et al. [19] analyzed various causes of LTNE situations in detail. Under the circumstances, the recent trend in the study of thermal convective instability problems in porous media is to account for LTNE effects by considering a two-field model for energy equation each representing the fluid and solid phases separately. Realizing this fact, investigations have been carried out in the recent past to know LTNE effects on porous ferroconvection as well (Sunil et al. [20] , Lee et al. [21] , Shivakumara et al. ([22] , [23] ).
The energy equation used in the study of convective instability problems in a fluid/porous layer is a parabolic-type partial differential equation which allows an infinite-speed for heat transport. Nonetheless, the new theories make use of modified versions involve hyperbolic-type heat transport equation admitting finite-speed for heat transport. Thus, heat transport is viewed as a wave phenomenon rather than a diffusion phenomenon and this is referred to as second sound. In particular, the second sound effect appears greater in solids, especially those involved in porous metallic foams. A key way to introduce this effect is to use Cattaneo [24] law for the heat flux. Based on this approach, studies have been undertaken in the past to investigate thermal convection in an ordinary viscous fluid layer (Straughan and Franchi [25] ; Lebon and Cloot [26] ) and also in an ordinary viscous fluid-saturated porous medium using a local thermal equilibrium (LTE) model with Cattaneo-Fox and Cattaneo-Christov effects (Straughan [27] ). The details about the developments on this topic are amply documented in the book by Straughan [28] . Recently, Straughan [29] investigated the effect of Cattaneo heat flux theory on thermal convection in a fluid-saturated Darcy porous medium using a local thermal However, no attention has been given to understand the influence of LTNE with Cattaneo effects in the solid on the onset of convection in a ferrofluid saturated porous layer heated from below. Since ferrofluids are used as heat carrier fluids in micro and nano devices, the proposed study is relevant in many heat transfer devices particularly to low-temperature fluids or fast heat transfer processes. Moreover, the Cattaneo effect on nanofluids has also been recognized in the literature and hence probing its influence on ferroconvection in porous media is considered to be relevant and important. The Cattaneo heat flux theory amounts to change the solid phase temperature equation from traditional parabolic to hyperbolic type which accounts for finitespeed heat transport in solids. As a result, thermal convective instability in a ferrofluid-saturated porous layer is found to occur via oscillatory mode under certain conditions. This is a novel result because instability is found to occur only via stationary convection in the absence of Cattaneo effect [21] . The results are presented graphically for a wide range of physical parameters and some of the convection systems previously reported in the literature is shown to be special cases of the present study.
Mathematical Formulation
The physical configuration is as shown in Fig. 1 . We consider an initially quiescent incompressible constant viscosity ferrofluid saturated horizontal layer of Darcy porous medium of characteristic thickness d in the presence of a uniform applied magnetic field 0 H in the
where the subscript b denotes the basic state. Substituting Eq. (11a) into Eqs. (2), (3), (4) and (7),
Solving Eqs. (11c) and (11d) subject to the boundary conditions
where,
is the temperature gradient. Substituting Eq. (8) 
where 0 p is the pressure at 0 z  .
Linear Stability Theory
To investigate the conditions under which the basic state is stable against small disturbances, we consider a perturbed state in the form
The perturbed quantities,
are assumed to be small. Substituting Eq. (12) into Eqs. (8) and (9) and using Eqs. (5) and (6), we obtain (after dropping the primes) 
where, (3) and (4), after using Eq. (12) and linearizing, take the following form (after dropping the primes):
Equation (7), after substituting Eq. (12), may be written as (after dropping the primes)
It is convenient to eliminate Q from Eq.(16), using Eq. (17), to get
It is seen that Eq. (18) 
The normal mode expansion of the dependent variables is assumed in the form
where,  and m are wave numbers in the x and y directions, respectively, ( Substituting Eq. (20) into Eqs. (14), (15), (18) and (19), and non-dimensionalizing the variables by setting   * * * *, *, * , ,
is the effective thermal diffusivity of the fluid, we obtain the following dimensionless equations (after dropping the asterisks):
Here,
is the differential operator, 
is the Darcy-Rayleigh number and it is a ratio of buoyant to
is the magnetic number and it is a ratio of magnetic to gravitational forces, Equations (22)- (25) are to be solved subject to appropriate boundary conditions. The boundaries are impermeable, ferromagnetic, and perfect thermal conductors. The boundary conditions are:
Equations (22)- (25) (22)- (25), followed by elimination of the constants 1 A - 4 A from the resulting equations, yields the following characteristic equation: 
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To examine the instability of the system, the real part of  is set to zero and we take 
Since the Rayleigh number 
Equation (31) R . This is because the basic state remains the same irrespective of the Cattaneo effect as it corresponds to pure conduction. Equation (31) coincides with the expression obtained by Lee et al. [21] . We note that 
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Equation (32) 
The above expression is the same as the one obtained by Banu and Rees [35] and Straughan [29] . 
Evidently, 
Results and discussion
The local thermal non-equilibrium (LTNE) model is used with Cattaneo effects in the solid to 
